Zhou YQ, Cahill LS, Wong MD, Seed M, Macgowan CK, Sled JG. Assessment of flow distribution in the mouse fetal circulation at late gestation by high-frequency Doppler ultrasound. Physiol Genomics 46: 602-614, 2014. First published June 24, 2014 doi:10.1152/physiolgenomics.00049.2014.-This study used high-frequency ultrasound to evaluate the flow distribution in the mouse fetal circulation at late gestation. We studied 12 fetuses (embryonic day 17.5) from 12 pregnant CD1 mice with 40 MHz ultrasound to assess the flow in 11 vessels based on Doppler measurements of blood velocity and M-mode measurements of diameter. Specifically, the intrahepatic umbilical vein (UVIH), ductus venosus (DV), foramen ovale (FO), ascending aorta (AA), main pulmonary artery (MPA), ductus arteriosus (DA), descending thoracic aorta (DTA), common carotid artery (CCA), inferior vena cava (IVC), and right and left superior vena cavae (RSVC, LSVC) were examined, and anatomically confirmed by micro-CT. The mouse fetal circulatory system was found to be similar to that of the humans in terms of the major circuit and three shunts, but characterized by bilateral superior vena cavae and a single umbilical artery. The combined cardiac output (CCO) was 1.22 Ϯ 0.05 ml/min, with the left ventricle (flow in AA) contributing 47.8 Ϯ 2.3% and the right ventricle (flow in MPA) 52.2 Ϯ 2.3%. Relative to the CCO, the flow percentages were 13.6 Ϯ 1.0% for the UVIH, 10.4 Ϯ 1.1% for the DV, 35.6 Ϯ 2.4% for the DA, 41.9 Ϯ 2.6% for the DTA, 3.8 Ϯ 0.3% for the CCA, 29.5 Ϯ 2.2% for the IVC, 12.7 Ϯ 1.0% for the RSVC, and 9.9 Ϯ 0.9% for the LSVC. The calculated flow percentage was 16.6 Ϯ 3.4% for the pulmonary circulation and 31.2 Ϯ 5.3% for the FO. In conclusion, the flow in mouse fetal circulation can be comprehensively evaluated with ultrasound. The baseline data of the flow distribution in normal mouse fetus serve as the reference range for future studies. mice; fetus; flow distribution; Doppler ultrasound FETAL HEMODYNAMIC ASSESSMENT using Doppler ultrasound has been widely used in clinical practice to provide valuable information for the diagnosis and treatment of human fetal abnormalities, such as intrauterine growth restriction and congenital heart disease (28, 37, 48). Many experimental studies have used Doppler ultrasound in large animals to observe fetal cardiovascular development and elucidate pathophysiological mechanisms, such as the flow redistribution in the fetal circulation under physiological challenges or disease conditions (39, 50). In both humans and animals, a reduction in blood flow or oxygen supply to the fetus can result from various causes including placental insufficiency, maternal hypoxia, and pharmaceutically induced vascular constriction. The fetal circulatory system has the capability to redistribute flow to maintain the oxygen supply to vital organs including the heart and brain at the expense of other organs such as the lung and liver. This phenomenon is called the "brain sparing effect" (5, 8, 35) . This flow redistribution is realized by autonomic regulation of flow throughout the fetal vascular system and results in variation of flow across three shunts: the ductus venosus (DV), the foramen ovale (FO), and the ductus arteriosus (DA) (22, 35) . As a noninvasive technology, Doppler ultrasound has played an important role in quantifying flow distribution in the fetus and offers a safe, reproducible, and readily available approach for longitudinal follow-up with little interference to in vivo physiology.
FETAL HEMODYNAMIC ASSESSMENT using Doppler ultrasound has been widely used in clinical practice to provide valuable information for the diagnosis and treatment of human fetal abnormalities, such as intrauterine growth restriction and congenital heart disease (28, 37, 48) . Many experimental studies have used Doppler ultrasound in large animals to observe fetal cardiovascular development and elucidate pathophysiological mechanisms, such as the flow redistribution in the fetal circulation under physiological challenges or disease conditions (39, 50) . In both humans and animals, a reduction in blood flow or oxygen supply to the fetus can result from various causes including placental insufficiency, maternal hypoxia, and pharmaceutically induced vascular constriction. The fetal circulatory system has the capability to redistribute flow to maintain the oxygen supply to vital organs including the heart and brain at the expense of other organs such as the lung and liver. This phenomenon is called the "brain sparing effect" (5, 8, 35) . This flow redistribution is realized by autonomic regulation of flow throughout the fetal vascular system and results in variation of flow across three shunts: the ductus venosus (DV), the foramen ovale (FO), and the ductus arteriosus (DA) (22, 35) . As a noninvasive technology, Doppler ultrasound has played an important role in quantifying flow distribution in the fetus and offers a safe, reproducible, and readily available approach for longitudinal follow-up with little interference to in vivo physiology.
During the last two decades, genetically engineered mouse models have provided an important platform for exploring the role of genes in cardiovascular development and malformations (6, 9) . Mutant mice with placental structural abnormalities and dysfunction have been used to study flow dynamics in the placental-fetal circulation and mechanisms related to intrauterine growth restriction (23, 24) . Furthermore, in mouse fetuses with altered genes, additional physiological interventions such as hypoxia and hyperoxia (29, 33) or exposure to alcohol, tobacco smoking, or caffeine have been applied to elucidate the role of the targeted genes in related pathophysiologcal process and disease development (3, 27, 41) . With the increased use of mutant mouse models to investigate the fetal circulatory system, noninvasive techniques for in vivo longitudinal monitoring of the fetus are potentially of great value.
High-frequency ultrasound imaging was introduced for studying small animals more than a decade ago (12) and has been widely used in observation of cardiovascular physiology in mouse models of human diseases in postnatal mice (53, 55) and mouse fetuses (16, 30, 43) . With the availability of a newly developed high frequency linear array transducer and Doppler color flow mapping (11) , this technology now has the necessary sensitivity and resolution for in-depth observation of the fetal circulatory system in the mouse.
Here we present a systematic methodology for accurate quantification of flow across the whole circulatory system in the mouse fetus. The objectives of this study were to: 1) establish a methodology for comprehensive blood flow measurement throughout the cardiovascular system of the mouse fetus by high frequency ultrasound and 2) characterize the flow distribution in the mouse fetus to generate baseline physiological reference ranges for future studies using mouse models and to facilitate comparison with other vertebrate species.
MATERIALS AND METHODS

Mice
The experimental protocol of this study was approved by the institutional animal care and use committee of the Hospital for Sick Children, Toronto, Canada. A total of 14 pregnant CD1 mice at a gestational age of embryonic day (E) 17.5 were used, with two litters for ex vivo assessment of fetal cardiovascular anatomy by microcomputed tomography (micro-CT), and the remaining 12 for in vivo flow measurement by ultrasound imaging.
Ex Vivo Micro-CT for the Anatomy of the Fetal Circulatory System
Four fetuses were dissected from two pregnant mice (2 fetuses from each dam) under anesthesia and fixed in 10% formalin for 24 h. The fixed fetuses were stained with iodine in Lugol solution for 1 wk and in 0.1 N iodine solution (Sigma-Aldrich, St. Louis, MO) for another week. The fetuses were then embedded in agar and imaged on a high resolution micro-CT scanner (Skyscan1172; SkyScan, Aartselaar, Belgium) as previously described in detail (52) . The voltage and current of the scanner were set at 100 kV and 100 A, respectively. The imaging resolution was 13.45 m, and the scanning took ϳ6 h. The raw data were reconstructed with the signal intensity inverted. The overall anatomy of fetal circulatory system was demonstrated through maximum intensity projection renderings because of the highest absorption of iodine by the blood within vessels and consequently the highest attenuation of the X-ray (Fig. 1 ). In addition, by using an image analysis software Amira (FEI Visualization Sciences Group, Bordeaux, France & Zuse Institute Berlin, Germany), we used these 3D data sets to produce individual image sections corresponding to those used in real-time ultrasound imaging for confirmation of the targeted vessels and surrounding structures (Figs. 2-7) .
In Vivo Ultrasound Imaging for Flow Measurement in the Fetal Circulatory System
A high-frequency ultrasound imaging system (Vevo 2100; VisualSonics, Toronto, Canada) with a 40 MHz linear array transducer was used. The image resolution was ϳ100 m laterally and 50 m axially. With proper settings (pulse repetition frequency of 12.5 kHz or less, appropriate gain and wall filter levels), Doppler color flow mapping clearly visualized the blood flow in the fetal vasculature and guided velocity recordings using pulsed wave Doppler with an adjustable sample volume size. During ultrasound imaging, the pregnant mice were anesthetized with isoflurane at 1.5% in 21% oxygen by face mask. The maternal body temperature was maintained at 36 -37°C throughout the experiment with a temperature-regulated platform. The procedure was similar to that previously described in detail (53, 54) .
For each of the 12 pregnant mice, one fetus with the most favorable spatial orientation (either left or right lateral position) in the lower abdomen was chosen for imaging the vessels of interest. Each targeted vessel was visualized in its longitudinal axis using two-dimensional (2D) imaging and the blood flow delineated by Doppler color flow mapping for the judgment of flow direction. For velocity measurement, the pulsed wave Doppler sample volume was adjusted to cover the entire vascular lumen, and the flow velocity spectrum was recorded with the intercept angle as small as possible (always Ͻ60°) and the angle-correction was applied for analysis. Fine position Fig. 1 . Ex vivo microcomputed tomography (micro-CT) of an iodine-stained embryonic day (E) 17.5 fetus, with the vascular structure in strong contrast to the rest of fetus. A: a ventral view of whole fetus presented with a maximum intensity projection rendering. B: the enlarged image (ventral view) of the ascending aorta (AA), aortic arch with major branches including common carotid arteries (CCA), ductus arteriosus (DA), and the surrounding vessels such as right and left superior vena cavae (RSVC and LSVC). C: the enlarged image (dorsal view) of the AA, aortic arch, descending thoracic aorta (DTA), and the DA distal to the branching point of the right and left pulmonary arteries (RPA and LPA) and connecting to the DTA, as well as the surrounding vessels such as pulmonary veins (PV). D: the enlarged image (lateral view) of the hepatic vasculature including the intrahepatic umbilical vein (UVIH) and ductus venosus (DV) connecting to inferior vena cava (IVC). Note the small portal branches are seen from the proximal segment of UVIH. E: a lateral view of the whole fetus demonstrated through a maximum intensity projection rendering. AV, azygos vein; Pl, placenta. adjustment was made for the highest Doppler amplitude and signal intensity with sharp contour, and Doppler gain was adjusted until the minimal noise just appeared in the background. For diameter measurement, M-mode recordings were made with the ultrasound beam perpendicular to the targeted vessel. The diameter and the flow velocity were measured at the same location along the vessel. For each vessel, the real-time observation of the M-mode trace and Doppler spectrum lasted for ϳ2 min for assessing the stability of cardiac cycles. Several recordings (cine-loops), each up to 5 s, of M-mode and Doppler spectrum were saved. The vessels of interest were categorized into four groups as described below.
Group I. The intrahepatic umbilical vein (UV IH) and DV are shown in Fig. 2 . With the fetal liver visualized in an angulated transverse section, the UVIH was seen running from the surface of the fetal abdomen through the liver to join the portal venous system, with a connection to the inferior vena cava (IVC) via the DV. The diameter and flow velocity of UV IH were recorded at the initial segment that was straight and consistent in dimension. The DV, as the first shunt bypassing the liver, had the highest velocity in this region as shown by Doppler color flow mapping and velocity waveform.
Group II. The FO, the second shunt allowing the highly oxygenated blood from the DV to pass into the left atrium, was observed in a four-chamber section of the heart. Doppler color flow mapping was used to delineate the shunting flow stream through the FO, and Doppler flow velocity spectrum recorded to the left side of the atrial septum (Fig. 3, A and B) . To evaluate the fetal heart systolic function, M-mode measurements of the left and right ventricular dimensions were made from a similar section with a slight modification for a perpendicular interception (Fig. 3, C and D) . Group III. The great arteries: to measure the left ventricular output, the diameter and flow velocity of the ascending aorta (AA) were recorded distally to the aortic sinus in an oblique section showing the longitudinal axis of the flow from the left ventricular outflow tract to the AA (Fig. 4) . The main pulmonary artery (MPA) and DA were imaged in another oblique section showing flow between the right ventricular outflow tract and the descending thoracic aorta (DTA). For the right ventricular output, the velocity and diameter were recorded at the MPA just beyond the pulmonary valve. Following the MPA downstream, the diameter and flow velocity were measured at the distal segment of the DA (Fig. 5) . Similar measurements were made in the middle segment of DTA and in one (either right or left) common carotid artery (CCA) in the coronal sections of the fetus (Fig. 6) .
Group IV. Three major veins, the IVC and right (RSVC) and left (LSVC) superior vena cavae, were visualized in a coronal imaging section of the fetus. The diameter and velocity measurements were made from the straight segment of these three vessels prior to their entrances into the right atrium (Fig. 7) .
Finally, the intra-amniotic umbilical artery and vein were imaged for validating the method of flow measurement by Doppler ultrasound. Any easily accessible umbilical artery and vein pair was used and not limited to the fetuses imaged for other flow measurements. The M-mode recordings for diameters and Doppler spectra for velocities were acquired at the same location in both vessels. The duration of the whole procedure was ϳ1.5 h. After ultrasound imaging, the mice were killed. For the last eight mice in the series the imaged fetuses were dissected and weighed.
Data Analysis
From each saved cineloop, three representative consecutive cardiac cycles were selected for data analysis. From the Doppler flow spectra, instantaneous velocities were measured by manually defining the http://physiolgenomics.physiology.org/ maximal velocities at the selected time points, including the peak systolic and end-diastolic velocities for arteries, and the peak velocities during systole, diastole, and atrial contraction for veins. In addition, the maximal spectral envelope was traced for measuring the time-averaged velocity throughout the cardiac cycle for all vessels. However, for quantifying the flow, the intensity-weighted mean velocity was traced (14, 46) , and the corresponding velocity-time integral of waveforms over the entire cardiac cycle was measured. Any retrograde flow velocity-time integral in veins was subtracted from the antegrade flow. Both the maximal and intensity-weighted mean velocity tracings were automatically accomplished by using the software in the ultrasound system. The quality of Doppler spectrum was visually assessed as in clinical studies, and the recordings with strong contrast, highest amplitude, and sharp contour were considered optimal.
The vascular diameter was measured from M-mode recording by manually defining the inner boundaries of the vessel walls at a selected phase of cardiac cycle. For the AA and the MPA, the peak systolic diameter was used for flow calculation because flow ejection occurred only during systole. For other peripheral arteries with significant diastolic forward flow such as the DA, DTA, and the CCA, both the peak systolic and middle diastolic diameters were measured and averaged. Without simultaneous fetal ECG, we were able to define the systole and diastole according to the changes in vessel dimension, as well as in the speckle pattern of the arterial blood flow delineated by high frequency ultrasound imaging (Figs. 4C, 5F, 5G). The latter phenomenon was observed in adult mouse aorta with 30 MHz ultrasound. The starting and ending of the systolic flow ejection with dramatic changes in velocity caused sharp changes in the speckle pattern of the blood flow within arteries, marking the beginning and ending of the systole by referring to the vascular motion and aortic valvular movements (53) . The change of speckle pattern was more clearly visualized in the embryos because of the even higher ultrasound frequency used (40 MHz) (Fig. 5G) . The peak systolic diameter was the largest vessel dimension around the middle systole, and the diastolic diameter was measured at the middle diastole. For veins, three measurements were made at various time points (with approximately equal separations) throughout the cardiac cycle and averaged. We calculated the cross-sectional area of the vessel from the measured diameter by assuming a circular shape of all vessels.
The measurements from three cardiac cycles were averaged for both velocity-time integral and vascular diameter. We calculated the flow per cardiac cycle by multiplying the velocity-time integral by vessel area, and we derived the flow rate (ml/min) by multiplying the flow per cardiac cycle by heart rate. The combined cardiac output (CCO) was the sum of the flows in the AA and MPA. Individual vessel flows were also converted to percentages of the CCO. Pulmonary blood flow (PBF) was calculated from the difference between the MPA and DA flows. The flow across the FO was estimated as the difference between AA and PBF. 
FLOW DISTRIBUTION IN THE MOUSE FETUS MEASURED BY DOPPLER
Internal Validation of the Method, Analysis of Variations and Statistics
Validation of the method for flow measurement. With the lack of a gold standard technique for measuring the flow in mouse fetus, an internal confirmation approach was applied to validate the accuracy of Doppler flow measurements used in this study. The flow measurements in the intra-amniotic umbilical artery and vein, which were supposed to be equal, were compared with each other.
Analysis of variations. The intra-amniotic umbilical arterial and venous diameters and flows were measured by two observers and also by the same observer with a time interval of 6 wk. The inter-and intra-observer variations were calculated as the difference of two measurements as the percentage of the mean. In addition, we evaluated the variations of flow measurement for the fetal MPA, by assessing the difference between the beginning and ending of the data acquisition (ϳ2 min apart) in all imaged fetuses, and also the coefficients of variation of flows measured from 10 episodes of three consecutive cardiac cycles over the 2 min period of data acquisition in two individual fetuses.
All data are presented as means Ϯ SE. A paired Student's t-test was used to compare the flow measurements for internal confirmation of Doppler flow measurement. The statistical significance was chosen as P Ͻ 0.05.
RESULTS
Anatomy of the Fetal Circulatory System Demonstrated by Ex Vivo Micro-CT
The three-dimensional (3D) micro-CT image using maximum intensity projection rendering allowed a comprehensive visualization of the entire circulatory system of four fetuses (Fig. 1, A and E) and also enabled a detailed observation of key structures, such as the DA connecting the MPA to DTA, and the DV between UV IH and IVC (Fig. 1, B-D) . Different from humans, mouse fetus had bilateral superior vena cavae and a single umbilical artery. In each of four fixed fetuses, the vasculature was not always evenly filled with blood, and therefore the ventricular chambers and some vascular segments were not visible in the maximum intensity projection. However, as all the soft tissue of the fetus absorbed iodine to a variable extent, the internal structures were clearly depicted. The course of each vessel was followed with serial 2D slices of 3D data set. In this way, the anatomy of the targeted vessels and surrounding structures was confirmed in sections corresponding to those used in ultrasound imaging as shown in Figs. 2-7.
Hemodynamics and Flow Distribution of the Fetal Circulatory System by In Vivo Ultrasound Imaging
Maternal body weight was 57.1 Ϯ 1.5 g, and the averaged heart rate was 550 Ϯ 16 beats/min (bpm) (with 554 Ϯ 18 bpm at the beginning, 547 Ϯ 14 bpm at the middle, and 548 Ϯ 21 bpm at the end of the imaging session). In each pregnant mouse, there were usually several fetuses with left or right lateral positions that were optimal for the intended measurements. The fetus in the lower abdomen was chosen because it was far away from the chest and less affected by maternal respiratory movement and also close to the maternal urinary bladder, which served as a clear landmark. The imaged fetuses had stable heart rate (range 270 -280 bpm) throughout the data acquisition from all vessels of interest (Table 1) and normal cardiac function with the left and right ventricular fractional shortenings of 44.9 Ϯ 2.9% (n ϭ 11) and 40.6 Ϯ 1.9% (n ϭ 11), respectively. The average body weight of the last eight imaged fetuses was 1.19 Ϯ 0.05 g. The measurements were feasible for all vessels interrogated except for the IVC measurement in one fetus and the M-mode recording of left and right ventricles in another fetus (Tables 1 and 2 ).
The recorded Doppler velocity spectra demonstrated characteristic waveforms for individual vessels (Fig. 2-7) . The blood flow in the UV IH had a flat spectrum with constant velocity, while the flow in the DV demonstrated high velocities with a specific triphasic waveform, including systolic and diastolic peaks and a nadir during atrial contraction. The flow across the FO showed a triphasic pattern with predominantly right-to-left flow in systole and early diastole and reverse A-wave toward the right atrium during atrial contraction. The blood flow in the great arteries close to the heart, including AA and MPA, showed a major antegrade waveform only during systole. The flow in DA had a major systolic forward waveform with very low forward velocity during diastole. The relatively peripheral arteries such as DTA and CCA had a major systolic antegrade waveform with continuously forward flow over diastole. The major veins draining into the heart, including IVC, RSVC, and LSVC, had similar triphasic waveforms, e.g., the antegrade waves during systole and diastole with flow reversal during atrial contraction. The instantaneous or peak velocities and the time-averaged velocities of Doppler waveforms for all vessels are presented in Table 1 .
The calculated flow parameters of the targeted vessels are presented in Table 2 . The CCO was 1.22 Ϯ 0.05 ml/min (n ϭ 12), with the contribution from the left ventricle (the flow in AA) at 47.8 Ϯ 2.3% and the right ventricle (the flow in MPA) at 52.2 Ϯ 2.3%. The CCO normalized by fetal body weight was 1.02 Ϯ 0.05 ml·min Ϫ1 ·g Ϫ1 (n ϭ 8), and the flow rates indexed by body weight were also obtained for all the targeted vessels (Table 2 ) with the variations demonstrated in Fig. 8 . Relative to the CCO, the flow percentages were 13.6 Ϯ 1.0% for the UV IH , 10.4 Ϯ 1.1% for the DV, 35.6 Ϯ 2.4% for the DA, 41.9 Ϯ 2.6% for the DTA, 3.8 Ϯ 0.3% for the CCA, 29.5 Ϯ 2.2% for the IVC, 12.7 Ϯ 1.0% for the RSVC, and 9.9 Ϯ 0.9% for the LSVC. The estimated flow percentage was 16.6 Ϯ 3.4% for the pulmonary circulation and 31.2 Ϯ 5.3% for the FO (Fig. 9) .
Validation of Flow Measurement and Analysis of Variations
The flow rates were 0.21 Ϯ 0.03 ml/min (n ϭ 12) for the intra-amniotic umbilical artery and 0.22 Ϯ 0.03 ml/min (n ϭ 12) for the intra-amniotic umbilical vein, with a difference of 1.6 Ϯ 6.8%. The intraobserver variations were 1.8 Ϯ 0.8% for the diameter and 7.6 Ϯ 2.9% for the flow of the intra-amniotic umbilical artery, and 4.9 Ϯ 1.4% for the diameter and 7.0 Ϯ 4.2% for the flow of the intra-amniotic vein. The interobserver variations were 1.0 Ϯ 0.9% for the diameter and 5.5 Ϯ 3.2% for the flow of the intra-amniotic umbilical artery, and 4.8 Ϯ 1.6% for the diameter and 8.8 Ϯ 4.4% for the flow of the intra-amniotic vein.
The difference in the calculated flows between the beginning and ending of the data acquisition at the MPA was 3.72 Ϯ 2.10% (n ϭ 12). In two randomly selected fetuses, the coefficients of variation of the MPA flows measured from the 10 episodes of three consecutive cardiac cycles were 5.06 and 5.45%.
DISCUSSION
Methodology Using High-Frequency Ultrasound for Evaluating Mouse Fetal Circulation
This study has for the first time established a systematic methodology using high-frequency Doppler ultrasound for the Values are means Ϯ SE. See main text for vessel abbreviations. EDV, the end diastolic velocity for arteries; HR, heart rate; PAV, the peak velocity of the reverse wave caused by atrial contraction for IVC, RSVC, LSVC, FO; PDV, the peak velocity of diastolic wave for IVC, RSVC, LSVC, FO, DV; PSV, the peak systolic velocity; TAVMAX, the time-average maximal velocity over whole cardiac cycle; bpm, beats/min. *The velocity at the nadir during atrial contraction for the Doppler velocity spectrum recorded at DV. comprehensive evaluation of the flow distribution in the mouse fetal circulatory system at late gestation. Ultrasound at 40 MHz provides high spatial resolution for identifying the major fetal vessels and measuring vessel diameters on the order of 200 m. Although it is technically challenging to manipulate the transducer to achieve a perpendicular angle between the ultrasound beam and targeted vessel, M-mode recording has the significant advantage of visualizing the dynamic changes of vascular dimension, ensuring a reliable flow calculation by averaging diameter measurements over the cardiac cycle. Moreover, perpendicular interception angle allows for the thin vessel walls to be more clearly visualized in both 2D and M-mode images because of the stronger ultrasound reflection from the perpendicular tissue interface (Fig. 5, B, F, G) . In most previous studies in humans (25, 32) and large animals (2, 45) , the vessel diameters were measured by 2D imaging. It is widely accepted that vessel area measurement represents an important source of error in flow calculation because area depends on diameter squared. This error is particularly a concern in the mouse fetus because of the small size of vessels. Therefore, it is worthwhile to conduct M-mode recording to ensure the accuracy of diameter measurement. In the present study the left and right ventricular outputs were measured from the proximal segments of the AA and the MPA, respectively. We found that in mouse fetuses it was easier to obtain continuous M-mode traces of the AA and MPA for diameter measurement, but more difficult to identify the dimensions of the aortic and pulmonary annuli by 2D imaging as previously done in human fetuses (21) .
This study also emphasizes the importance of Doppler color flow mapping in guiding pulsed Doppler velocity measurement in the mouse fetus. The fetal vessels were less clear by 2D imaging when they were not perpendicular to the ultrasound beam. In addition, these vessels have low velocities and are in close proximity to each other in the mediastinum. All these factors present great difficulties in differentiating individual vessels by 2D tissue imaging alone. With Doppler color flow mapping at low pulse repetition frequency and low wall filter level, we can properly visualize the blood flow in fetal vessels, with the flow direction indicated by color. As a result, the individual vessels are easily identified and their velocity measured with angle correction.
For flow calculation, the velocity was measured by the intensity-weighted mean velocity tracing of the Doppler spectrum as usually done in humans (14, 46) . In some previous studies, by assuming a parabolic velocity profile across the vessel lumen, the velocity measured by maximal velocity tracing was multiplied by 0.5 and used as cross-sectional mean in flow calculation (49) . However, because of the small size of mouse fetal vessels, their movement with maternal respiration, Values are means Ϯ SE. See main text for vessel abbreviations. BW, body weight; CCO, combined cardiac output, which is the sum of AA and MPA flow rates; TAVMEAN, the time-averaged intensity-weighted mean velocity over whole cardiac cycle. Flow rate/BW, the body weight indexed flow rate of the last 8 fetuses. *The calculation from the measurements of other vessels. Fig. 8 . The box-and-whisker plots of the flow rates indexed by body weight (n ϭ 8) in the major vessels of mouse fetus. The box represents the distance between the 1st (Q1) and 3rd (Q3) quartiles (Q1 and Q3 are the lower and upper edges of the box). The whiskers show the highest and lowest data points or 1.5 times the box (Q3-Q1). Outlier points are those that are greater than 1.5 times the box (Q3-Q1). **The pulmonary blood flow (PBF) and FO flow were calculated from the measurements of other vessels. See previous figures for other abbreviations. and the potential for nonparabolic flow, such estimates of mean velocity may be unreliable. For example, the Doppler color flow mapping demonstrated parabolic velocity profiles in great arteries including AA, MPA, DA, and DTA (Figs. 4B, 5C, 6B ), but more flat or bluntly parabolic velocity distribution in major veins (Fig. 7C) . To overcome this limitation in mean velocity estimation across the lumen, we adjusted the pulsed Doppler sample volume to cover the whole lumen and calculated the intensity-weighted mean velocity of the Doppler trace. The high-quality Doppler spectrum with strongest signal, highest amplitude, and sharp contour ensured the accuracy of the intensity-weighted mean velocity tracing and the subsequent flow calculation.
Hemodynamics and Flow Distribution in the Mouse Fetal Circulatory System at Late Gestation
The Doppler velocity waveforms in the mouse fetal arteries are similar to those found in humans and large animals (13, 26) . The bidirectional flow across the FO was similar to those found in human fetuses (10, 51) but should be interpreted with caution, because the Doppler sample volume was relatively large and the velocity spectrum might be complicated by the nearby inflow from the pulmonary veins. The mouse fetal Doppler velocity waveforms in the UV IH , DV, and caval veins (IVC, RSVC, and LSVC) are also similar to those in humans and large animals (4, 15, 34) .
The flow distribution throughout the fetal circulatory system has been extensively studied in humans and large animals. In fetal lambs, the CCO in the second half of the pregnancy is ϳ0.45 ml·min Ϫ1 ·g
Ϫ1
, with 60 -65% contribution from the right ventricle and 35-40% from the left ventricle, resulting in a ratio of right to left cardiac output of 1.5 to 1.85 (1, 38) . In the human fetus, the body weight-indexed biventricular cardiac output was 0.425 to 0.503 ml·min Ϫ1 ·g Ϫ1 , with the ratio of right to left cardiac output ranging from 1.0 to 1.5 during the last trimester (25, 32) . In the present study, the right heart dominance in fetal cardiac output is also observed, and the corresponding ratio is ϳ1.15, which is lower than that of fetal lamb but within the reported range of humans. Interestingly, the CCO in the mouse fetus (1.02 ml·min Ϫ1 ·g
) is about twofold higher than the reported data for humans and lambs. Previous reports suggest that, in the wide range of mammals, body mass is inversely related to heart rate, cardiac output, and metabolic rate per unit body weight (7, 17) . Sheep are similar to humans in body weight and also in heart rate and cardiac output. However, small mammals like mice must have a high rate of oxygen consumption and metabolic rate to maintain a constant body temperature and, therefore, need high heart rates and cardiac output per unit body weight. The adult mouse heart rate is ϳ10 times higher than adult human's (ϳ600 vs. 60 bpm), and the adult mouse cardiac output (0.48 -0.53 ml·min Ϫ1 ·g Ϫ1 ) (18) is more than six times higher than that (5.3 l/min) of adult humans when normalized by body weight (0.08 ml·min Ϫ1 ·g
if body weight is 65 kg) (36) . As found in the present study, the mouse fetus at late gestation was about two times higher than the human fetus of the same age in both heart rate (270 vs. 140 bpm) (31) and cardiac output. The pulmonary flow in the near-term lamb fetus was reported as low as 6% of CCO (1). However, corresponding data for the human fetus have generally indicated higher PBF, from 11 to 25% (25, 32, 44) . The calculated pulmonary flow (17%) in the present study is consistent with the human data that was obtained by direct measurement of the flow in the pulmonary arteries (32) . The calculated FO flow (31%) is also very close to corresponding data in the human fetus (36%) at late gestation (25) and also in near-term fetal lamb (34%) (1) .
The flow to the upper part of the fetal body, including the brain, can be approximately estimated by adding the flow in RSVC and LSVC. In the present study, this measurement was 22.6 Ϯ 1.7%, very similar to the corresponding measurement (23%) in the near-term sheep fetus (19) and the flow in the superior vena cava (28%) in the human fetus measured by MRI (40) .
Concerning the flow proportion to placental circulation, one-fifth of the CCO is distributed to the placenta in human fetus near term (21) . As the first shunt in fetal circulation, the DV bypasses the hepatic circulation and directs the oxygenenriched blood returning from the placenta to the heart. As previously reported, the proportion of umbilical venous blood perfusing the DV varied considerably in the fetuses of human (8 -92%) and lambs (36 -64%), and this DV shunting rate increases in response to fetal distress such as hypoxia (47) . In the mouse fetuses studied, the flow to the placental circulation as measured in UV IH was 13.6% of CCO, which is lower than that in the human fetus. However, the DV flow had a higher proportion of the umbilical venous flow (77%) than those in larger animals and humans. Although the maternal blood oxygen saturation was not monitored in the present study, the possibility of hypoxia could be excluded because the pregnant mice were under a stable supply of 21% oxygen with wellmaintained body temperature. Most convincingly, throughout the whole experiment, both the maternal and fetal heart rates were very stable, and the fetal cardiac systolic function was normal compared with that of human fetus at similar age [the left and right ventricular fractional shortenings were 32% (27-39%) and 36% (26 -42%), respectively] (42).
The observed discrepancies in the placental flow and DV shunting rate between the mouse and human fetuses could be due to the difference in fetal number of each pregnancy.
Humans most commonly have singleton pregnancies, but CD1 mice usually have 10 -15 fetuses in each litter. In a human study (46) , the percentage of umbilical venous flow passing through the DV in the fetuses of multiple (twin and triplet) pregnancy was significantly higher than that in singleton fetuses (55% vs. 43%). However, the umbilical venous flow normalized by fetal body weight was similar for the fetuses in both conditions (140 ml·min Ϫ1 ·kg
), which is almost the same as what we have found for mouse fetuses (0.13 Ϯ 0.01 ml·min Ϫ1 ·g
). Therefore, we speculate that the blood through the placental circulation may be similar as normalized by body weight despite the different number of fetuses, but the DV shunting rate may increase with number of fetuses to ensure sufficient oxygen-enriched blood directly passing into the left heart to perfuse vital organs. Considering the much higher number of fetuses in mouse pregnancy, we would expect to see a higher DV shunting rate as found in the present study. The reduced hepatic perfusion by the umbilical venous flow in mouse fetus could be partially compensated by the blood flow from the hepatic artery and portal vein, which may be higher than those in other species, as the mouse fetal CCO demonstrated a higher hemodynamic status compared with humans and large animals.
Limitations
First of all, there is no gold standard for flow measurement in the mouse fetus. The methods used in the present study are mainly adapted from previous experience in humans. In the validation of the method, the averaged flow measurements from the intra-amniotic umbilical artery and vein are very close to each other with no significant difference, confirming the accuracy of the method used in the present study. On the other hand, these measurements are slightly higher than the flow in the UV IH of studied fetuses, probably because they were measured from random fetuses with the umbilical cord easily accessible, rather than the fetuses imaged. Moreover, the small branches (portal veins) were seen from the proximal segment of the UV IH (Fig. 1D) , and the flow diversion around the Doppler velocity sampling site might result in a slightly lower measurement for the UV IH flow. In this sense, it seems preferable to use intra-amniotic umbilical vein to evaluate the flow proportion in placental circulation in mouse fetus, but this needs further confirmation in future studies.
Second, only the fetuses with the most favorable orientation, the left or right lateral position, were imaged. However, these two positions are most commonly found at late gestation, and it was always possible to find a few fetuses with such positions. With sufficient practice and a clear 3D geometry of fetal vasculature in mind, it would not be difficult to perform similar measurements in fetuses with suboptimal orientation by modifying the imaging sections accordingly.
Third, only one fetus was imaged although each litter had Ͼ10 fetuses. The presented methodology is mostly suitable for litters with uniform genotype. In mutant mice with heterogeneous genotypes within the litter, it would be challenging to identify individual fetuses with specific genotypes. Encouragingly, a recent study by Ji and Phoon (20) achieved 100% accuracy in localizing individual embryos over gestational period using nontraumatic ultrasound-mapping compared with a laparotomy map, allowing genotype-phenotype correlation.
In addition, terminal experiments can be conducted, with studied fetuses dissected immediately after ultrasound imaging, to match the physiological findings with the genotype.
Conclusions
This study has for the first time established a systematic methodology using high frequency Doppler ultrasound for a comprehensive evaluation of the flow distribution in the mouse fetal circulatory system at late gestation. Compared with humans and large animals, the mouse fetus has demonstrated generally similar vascular anatomy, Doppler flow velocity waveforms, and flow distribution at most parts of the circulatory system, but with bilateral vena cavae and a single umbilical artery, twofold higher CCO, and slightly lower flow proportion in the placental circulation. The data presented will serve as a baseline physiological reference for future research using mice as experimental models. 
